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The Effect of Crystal Contact Forces on Protein Intramolecular Dynamics
Andrea Markelz, Katherine Niessen, Mengyang Xu.
University at Buffalo, SUNY, Buffalo, NY, USA.
Increasingly time resolved X-ray crystallography and solid state NMR have been
employed to characterize dynamics. In the advent of X-ray free electron sources at
Stanford (LCLS), andHamburg (EuropeanXFEL) there is a strong push to extend
time-resolvedmeasurements. A persistent question for these techniques however,
is how the crystal contact forcesmay stronglyperturb thesedynamics fromthose in
vivo.While some theoretical studies have indicated that the crystal contact pertur-
bation isminor[1], other calculations suggest it is significant[2]. Surprisingly there
have been few studies to actually determine from the data what the effects are.
Given the enormous effort currently underway for extending crystal phase dy-
namics measurements, it is imperative to determine how the crystal contact forces
affect large scale motions necessary for function. Here we show how anisotropic
opticalmeasurements in the extreme infrared (10-100 cm-1) using the techniqueof
Crystal Anisotropy TerahertzMicroscopy (CATM) can quantify the effect [3], by
measuring the perturbation of the global motions for a given symmetry group.
Chicken egg white lysozyme (CEWL) is used as a benchmarkingmodel. Calcula-
tions and measurements are performed for tetragonal and monoclinic symmetry
groups, for which B-factormeasurements indicate that there is a significant differ-
ence in the motional constraint arising from the crystal geometry.
1. Hafner, J. and W.J. Zheng, Optimal modeling of atomic fluctuations in pro-
tein crystal structures for weak crystal contact interactions. Journal of Chemical
Physics, 2010. 132(1).
2. Hinsen, K., Analysis of domain motions by approximate normal mode cal-
culations. Proteins: Structure, Function, and Genetics, 1998. 33(3): p. 417-429.
3. Acbas, G., K.A. Niessen, E.H. Snell, and A.G. Markelz, Optical measure-
ments of long-range protein vibrations. Nat Commun, 2014. 5.
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Thermodynamic and Dynamic Basis for the Broadened Ligand Specificity
of a Tiam2 PDZ Domain Mutant
Ernesto J. Fuentes, Xu Liu, Lisa C. Golden, Liping Yu.
Biochemistry, University of Iowa, Iowa City, IA, USA.
PDZ (PSD-95/Dlg/ZO-1) domains are protein-protein interaction modules that
typically recognize their binding partners through the use of two specificity
pockets. Here we examine the consequence of mutating four residues in the
Tiam2 PDZ domain specificity pockets to produce a quadruple mutant (QM).
Equilibrium binding studies show that the specificity of the Tiam2 QM mutant
is similar to that seen in the wild type Tiam1 PDZ domain. Isothermal titration
calorimetry experiments show a larger entropic contribution to ligand binding
in the QM PDZ domain compared to the WT PDZ domain. Double-mutant
cycle analysis uncovered cooperativity between residues in the two specificity
pockets with respect to both ligand binding and protein folding. NMR-based
HSCQ studies reveal that the wild type Tiam2 PDZ has severe line broadening
in several loop regions, while the QM PDZ had additional regions of line broad-
ening. However, peptide ligand binding dampens line broadening for both the
Tiam2 WT and QM PDZ domains. Finally, CPMG dispersion experiments
indicate that the number of residues experiencing micro to millisecond motions
is significantly increased in the QM PDZ domain. We propose a model where
enhanced dynamics alters the QM PDZ domain conformational ensemble
allowing for broader ligand specificity relative to the WT PDZ domain.
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Relative Mechanical Flexibility of Ubiquitin Family Proteins: A Study
using Elastic Network Model
Ranja Sarkar, Hemachandra Kotamarthi, A.S.R. Koti, Ravi Venkatramani.
Chemical Sciences, Tata Institute of Fundamental Research, Mumbai, India.
The conformational flexibility of biomolecules is essential for their function.
Elastic Network Model (ENM) is a class of harmonic models used to compu-
tationally describe the flexibility of biomolecules. Despite the simplicity of the
underlying potential, ENMs show intriguing abilities to capture functionally
relevant conformational changes in proteins, as seen in their crystallographic
structures, through their low-frequency normal-mode displacements. We pre-
sent an ENM based study of the mechanical flexibility of proteins having
high structural similarity but low sequence homology.
Single-molecule atomic force microscopic (AFM) measurements reveal that
ubiquitin requires a higher unfolding force when pulled along N-C termini
than the SUMO proteins. The higher mechanical stability of ubiquitin relative
to the SUMOs is presumably a sequence effect, as the proteins have identical
secondary structures. Our calculations at the atomistic resolution show a strong
imprint of the experimentally observed disparity in stabilities of the ubiquitin-
like proteins in their flexibilities. Spring constants for normalmodes of ubiquitin
are higher than that of the SUMOs, implying larger stiffness of ubiquitin over the
latter. The residues on the clamp (terminal b-sheets) region of these proteins thatgovern their stabilities show mobility that is implicated in their flexibilities. We
discuss physical considerations for extracting a reduced dimensional basis from
ENM for the description of equilibrium flexibility of proteins.
The large-amplitude normal modes that represent concerted protein motions
additionally reveal the conformational changes taking place when ubiquitin
and SUMOs bind with substrates, as observed in the complex crystallographic
structures. The flexible SUMO proteins tend to be as stiff as ubiquitin on
substrate-binding whereas, there seems to be no considerable enhancement in
the rigidity of apo-ubiquitin. We elucidate this feature in our study in the light
of spring constants of the slowest normal modes.
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Motion and Conformational Entropy in Protein Function: Creation of an
NMR-Based Entropy Meter
Vignesh Kasinath, Kyle W. Harpole, Veronica R. Moorman,
Kathleen G. Valentine, Kendra K. Frederick, Kim A. Sharp, Joshua Wand.
Biochemistry & Biophysics, University of Pennsylvania, Philadelphia,
PA, USA.
Conformational entropy is a potentially important thermodynamic parameter
contributing to protein function. Quantitativemeasures of conformational entropy
are necessary for an understanding of its role but have been difficult to obtain. We
have recently introduced empirical method that utilizes changes in conformational
dynamics as a proxy for changes in conformational entropy. We have now used
molecular dynamics simulations to probe the microscopic origins of the link be-
tween conformational dynamics and conformational entropy. Simulation of seven
proteins gave an excellent correlation withmeasures of side-chain motion derived
from NMR relaxation. The simulations show that the motion of methyl-bearing
side-chains are sufficiently coupled to that of other side chains to serve as excellent
reporters of the overall side-chain conformational entropy. These results tend to
validate the use of experimentally accessible measures of methyl motion - the
NMR-derived generalized order parameters - as a proxy from which to derive
changes inprotein conformational entropydue to a perturbation such as thebinding
of a ligand. A slightly modified weighting scheme to project the change in dy-
namics of experimentalmethyl dynamics into conformational entropy ispresented.
Originally based on data from the calmodulin system, we will describe experi-
mental results from other systems that indicate that the ‘‘entropy meter’’ approach
is both robust and general and that the involved conformational entropies are often
large and cannot be ignored. Supported by the NIH and the Mathers Foundation.
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A Tool Set to Map Dynamic Allosteric Networks through the NMR
Chemical Shift Covariance Analysis (CHESCA)
Stephen Boulton, Madoka Akimoto, Rajeevan Selvaratnam, Amir Bashiri,
Giuseppe Melacini.
McMaster University, Hamilton, ON, Canada.
Allostery is an essential regulatory mechanism of biological function and allo-
steric sites are also pharmacologically relevant, as they are typically targeted
with higher selectivity than orthosteric sites. However, obtaining a comprehen-
sive map of allosteric sites poses experimental challenges because allostery is
driven not only by structural changes, but also by modulations in dynamics that
often remain elusive to classical structure determination methods. An avenue to
overcome these challenges is provided by the covariance analysis of NMR
chemical shift [1, 2], which are exquisitely sensitive to redistributions in dy-
namic conformational ensembles. Here, we propose a set of complementary al-
gorithms for the NMR chemical shift covariance analysis (CHESCA) designed
to reliably detect allosteric networks with minimal occurrences of false posi-
tives or negatives. The proposed CHESCA toolset was tested for two allosteric
proteins (Protein Kinase A, PKA, and the Exchange Protein directly Activated
by cAMP, EPAC) and is expected to complement traditional comparative struc-
tural analyses in the comprehensive identification of functionally relevant allo-
steric sites, including those in otherwise elusive partially unstructured regions.
[1] Signaling through dynamic linkers as revealed by PKA. Akimoto M,
Selvaratnam R, McNicholl ET, Verma G, Taylor SS, Melacini G. Proc Natl
Acad Sci U S A. 2013;110(35):14231-6.
[2] Mapping allostery through the covariance analysis of NMR chemical shifts.
Selvaratnam R, Chowdhury S, VanSchouwen B, Melacini G. Proc Natl Acad
Sci U S A. 2011;108(15):6133-8.
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Probing Multiple Timescale Dynamics of Protein Kinase A-Inhibitor
Complexes
Geoffrey Li1, Jonggul Kim1, Frank Chao2, Leanna McDonald2,
Gianluigi Veglia1,2.
1Chemistry, University of Minnesota, Minneapolis, MN, USA,
2Biochemistry, Molecular Biology, Biophysics, University of Minnesota,
Minneapolis, MN, USA.
Sunday, February 8, 2015 61aProtein kinases regulate various important cellular signaling events by cata-
lyzing phosphoryl transfer from ATP to the hydroxyl groups of their substrates.
Aberrant protein phosphorylation is linked to fatal diseases including cancer
and cardiac disease. However, due to high structural similarity between
kinases, current kinase inhibitors that target the ATP-binding site are non-
specific. Hence, to be able to control the activity of a kinase allosterically pro-
vides a promising alternative. An effective way to pursue this goal is by
analyzing the motions of the inhibited state of a kinase. Here, we aim to char-
acterize the dynamical behavior of the kinase prototype cAMP-dependent pro-
tein kinase A (PKA) when bound to standard potent inhibitors by NMR
relaxation experiments. Preliminary results on both the amide backbone and
methyl side chain conformational dynamics at multiple timescales of the com-
plexes of PKA with inhibitors H89 and balanol will be presented. Our data
showed that inhibitor binding shifted the timescales of the dynamics of the
enzyme. Understanding the conformational dynamics of an inhibited enzyme
may aid in the rational design of allosteric drugs that will fine-tune an enzyme’s
activity.
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Long-Range Protein Vibrations Dependence on Ligand Binding: Rate
Promoting Motions
Katherine A. Niessen1, Edward Snell2,3, Andrea G. Markelz1,3.
1Physics, SUNY University at Buffalo, Buffalo, NY, USA,
2Hauptman-Woodward Medical Research Institute, Buffalo, NY, USA,
3Structural Biology, SUNY University at Buffalo, Buffalo, NY, USA.
It has been suggested that long-range intramolecular vibrations in enzymes may
provide efficient access to intermediate state configurations, enhancing catalytic
turnover rates. Recently we have successfully measured these long-range pro-
tein vibrations using an anisotropic THz near-field technique to measure protein
crystals, called crystal anisotropy terahertz microscopy (CATM). The method
isolates these motions from the isotropic librational background, revealing nar-
row band resonances. Recent measurements on free chicken-egg white lyso-
zyme (CEWL) and tri-N-acetylglucosamine (3NAG) inhibitor bound CEWL
reveal dramatic and reproducible changes in the intramolecular vibrational
mode spectra with binding. A large resonance at ~70 cm1 for free CEWL, is
somewhat suppressed with binding, whereas a new resonance is observed at
~ 40 cm1, with binding. This dramatic change in the spectra with binding con-
firms that the observed resonances arise from intramolecular vibrations, and not
crystal phonons.Using normalmode analysis, our calculatedCATMspectra find
a consistent increase in the low frequency signal with binding.While the density
of states does not change appreciably with binding, the overall direction of
motion shifts for vibrations in the frequency range where there is a large change
in the optical signal. The change in the direction of the vibrational motion results
in a change in the motion of the charge distribution and therefore, the dipole
derivative, leading to the sensitivity to the trajectories in the terahertz optical
absorbance. The remaining question is if these specific motions participate in
the structural preorganization of the binding site, and thus promote catalytic
activity. We will discuss measurements to answer this long standing question.
This work was supported by NSF MRI^2 grant DBI295998.
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Rhodopsin Photoactivation Dynamics Revealed by Quasi-Elastic Neutron
Scattering
Debsindhu Bhowmik1, Utsab Shrestha1, Suchithranga M.d.c. Perera2,
Udeep Chawla2, EugeneMamontov3, Michael F. Brown2, Xiang-Qiang Chu1.
1Department of Physics & Astronomy, Wayne State University, Detroit, MI,
USA, 2Department of Chemistry and Biochemistry, University of Arizona,
Tucson, AZ, USA, 3Chemical and Engineering Materials Division, Oak
Ridge National Laboratory, Oak Ridge, TN, USA.
Rhodopsin is a G-protein-coupled receptor (GPCR) responsible for vision un-
der dim light conditions. During rhodopsin photoactivation, the chromophore
retinal undergoes cis-trans isomerization, and subsequently dissociates from
the protein yielding the opsin apoprotein [1]. What are the changes in protein
dynamics that occur during the rhodopsin photoactivation process? Here, we
studied the microscopic dynamics of the dark-state rhodopsin and the ligand-
free opsin using quasi-elastic neutron scattering (QENS). The QENS technique
tracks the individual hydrogen atom motions in the protein molecules, because
the neutron scattering cross-section of hydrogen is much higher than other
atoms [2-4]. We used protein (rhodopsin/opsin) samples with CHAPS deter-
gent hydrated with heavy water. The solvent signal is suppressed due to the
heavy water, so that only the signals from proteins and detergents are detected.
The activation of proteins is confirmed at low temperatures up to 300 K by the
mean-square displacement (MSD) analysis. Our QENS experiments conducted
at temperatures ranging from 220 K to 300 K clearly indicate that the protein
dynamic behavior increases with temperature. The relaxation time for theligand-bound protein rhodopsin was longer compared to opsin, which can be
correlated with the photoactivation. Moreover, the protein dynamics are orders
of magnitude slower than the accompanying CHAPS detergent, which forms a
band around the protein molecule in the micelle. Unlike the protein, the
CHAPS detergent manifests localized motions that are the same as in the
bulk empty micelles. Thus QENS provides unique understanding of the key dy-
namics involved in the activation of the GPCR involved in the visual process.
[1] A. V. Struts et al. (2011) PNAS 108, 8263-8268.
[2] E. Mamontov and X.-Q. Chu, (2012) PCCP 14, 11573-11588.
[3] X.-Q. Chu, et al, (2012) JPCL 3, 380-385
[4] X.-Q. Chu, et al, (2010) Soft Matter 6, 2623-2627.
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Role of Structural Flexibility of cpSRP43 in Binding Substrates during
Post-Translational Targeting
Feng Gao1, Alicia D. Kight2, Rory C. Henderson1, Srinivas Jayanthi1,
Parth Patel1, Robyn L. Goforth2, T.K.S. Kumar1, Ralph L. Henry2,
Colin D. Heyes1.
1Chemistry and Biochemistry, University of Arkansas, Fayetteville, AR,
USA, 2Biological Sciences, University of Arkansas, Fayetteville, AR, USA.
The ability of the chloroplast signal recognition particle (cpSRP) to post-
translationally target light harvesting complex proteins (LHCs) to the thylakoid
membrane relies on a chloroplast-specific subunit, cpSRP43. cpSRP43 is a
multidomain protein that forms a heterodimer with the conserved GTPase,
cpSRP54, and subsequently interacts with LHCP substrates to form a soluble
targeting complex in the chloroplast stroma. Single-molecule Fo¨rster Reso-
nance Energy Transfer (smFRET) and molecular dynamics simulations was
employed to determine how the inter-domain structural dynamics of cpSRP43
is affected by binding to cpSRP54 to help address how the formation of the
cpSRP heterodimer enables LHCPs to bind and adopt an insertion-competent
transit complex. Our results reveal significant inter-domain dynamics (i.e. flex-
ibility) in cpSRP43 across the whole protein with 3 major conformations being
identified. Upon binding to cpSRP54, there is a reduction in the flexibility of
cpSRP43 in certain regions of the protein. Using isothermal titration calorim-
etry, we found that the affinity of the L18 recognition site of LHCP to cpSRP43
increased when cpSRP43 was complexed with a cpSRP54 peptide, which cor-
responds to the cpSRP43 binding site on cpSRP54. These results support the
model that cpSRP54 promotes transit complex formation by regulating the
inter-domain structural dynamics of cpSRP43.
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Fluctuations within the Hydrogen Bond Network Modulate Cooperativity
Across the Conformational Ensemble of Protein Structures
Brittany K. Smith1, Donald J. Jacobs2, Dennis R. Livesay1.
1Department of Bioinformatics and Genomics, University of North Carolina
at Charlotte, Charlotte, NC, USA, 2Department of Physics and Optical
Science, University of North Carolina at Charlotte, Charlotte, NC, USA.
Proteins are dynamic molecules that exhibit conformational changes limited by
cross-linking H-bonds. Here we monitor how fluctuations within the hydrogen
bond network (HBN) alter protein flexibility. Specifically, we characterize fluc-
tuations in the HBN within two TEM b-lactamase enzymes by employing the
Distance Constraint Model (DCM) on 100 ns explicit solvent molecular dy-
namics (MD) trajectories. A key feature of the DCM is that it employs network
rigidity explicitly as a long-range mechanical interaction that accounts for
nonadditivity in conformational entropy. Taking advantage of the fundamental
link between mechanical and thermodynamic properties, we quantify protein
flexibility using a variety of metrics that are calculated within the native state
ensemble, and elucidate how fluctuations in the HBN modulate protein
flexibility. We observe that the overall flexibility of the proteins is weakly
anti-correlated to the overall strength of the HBN. Interestingly, equilibrium
fluctuations lead to dramatic loss/gain in correlated rigidity throughout the
structure. This translates to conformations that are more flexible, characterized
by redundant cross-linking H-bonds break more readily upon slight tempera-
ture increases. These conformations also have tendency towards reduced
cooperativity within unfolding transitions. The essential property leading to
cooperative and non-cooperative structural networks is H-bond independence,
which strongly depends on how the H-bonds are distributed. Dense regions of
H-bonds that form rigid clusters do so with reduced conformational entropy re-
ductions, thus increasing cooperativity within the folding transition and
increasing the co-rigid nature of the native structure. A less dense HBN reduces
molecular cooperativity because H-bonds are more likely to be independent.
While cooperativity is a hallmark of protein stability, the extent of this cooper-
ativity is modulated by fluctuations within the HBN. Consequently, native state
HBN fluctuations have important ramifications to function, suggesting a more
complete paradigm of structure/flexibility/function.
